CAAT/enhancer-binding protein-beta (C/EBPβ) is a transcription factor that regulates interleukin-1β (IL-1β)-induced catabolic pathways, including the expression of matrix metalloproteinases (MMPs), in chondrocytes. We previously reported that suppressor of cytokine signaling 1 (SOCS1) inhibits IL-1β signaling in chondrocytes. However, the effect of SOCS1 on C/EBPβ has not been explored. To investigate the interaction between SOCS1 and C/EBPβ, we established human SW1353 cells with overexpression or knockdown of SOCS1 or C/EBPβ. Both SOCS1 and C/EBPβ were involved in transcription of MMP-3 and MMP-13. When stimulated with IL-1β, C/EBPβ levels were significantly increased by SOCS1 knockdown and decreased by SOCS1 overexpression. A similar change in IL-1β-induced C/EBPβ expression was observed in SOCS1-transfected human articular chondrocytes. However, C/EBPβ overexpression or knockdown did not change the levels of IL-1β-induced SOCS1. SOCS1 regulated the levels of C/EBPβ mRNA by ubiquitination of C/EBPβ as well as transcriptional regulation. Furthermore, it suppressed the phosphorylation of cAMP response element-binding protein (CREB), an active transcription factor of C/EBPβ. In addition, p38 mitogen-activated protein kinases, a target of SOCS1, was involved in CREB phosphorylation. The chromatin immunoprecipitation assay confirmed that SOCS1 overexpression led to reduced binding of C/EBPβ to the MMP-13 promoter. Taken together, our results demonstrate that SOCS1 downregulates the p38-CREB-C/EBPβ pathway resulting in increased expression of MMPs in chondrocytes.
INTRODUCTION
Osteoarthritis (OA) is characterized by a slowly progressive and irreversible loss of articular cartilage. Although it is the most common form of arthritis with an age-dependent incidence, its etiology and pathogenesis are poorly understood. The interaction of joint tissues including cartilage, subchondral bone and synovium could contribute to the pathogenesis of OA, but chondrocytes are considered central players in the pathogenesis of OA. 1 It has been shown that phenotypical changes in chondrocytes have important implications in the development and/or progression of OA during aging. Some chondrocytes shift to the 'hypertrophic-like' phenotype that is characterized by several molecular biomarkers such as matrix metalloproteinase (MMP)-13 and type X collagen (COL10A1). 2 In addition, stress-induced senescence causes chondrocytes to produce pro-inflammatory cytokines including IL-1β and MMPs (senescent secretory phenotype). 3 Proinflammatory cytokines such as IL-1β and TNF-α are also critical mediators of the further imbalance between anabolism and catabolism in OA cartilage. IL-1β is involved in cartilage destruction, whereas TNF-α seems to drive the inflammatory cascade in OA. 4 CCAAT/enhancer-binding proteins (C/EBPs) are a family of transcription factors, containing a basic leucine zipper domain, that regulate various physiological and pathophysiological processes such as inflammation and differentiation. 5 C/EBPβ is known to amplify IL-1β, TNFα or IFN-γ downstream signals. 6 C/EBPβ expression is increased in OA cartilage, 7 and stimulates the promoter activity of MMP-3 and MMP-13 in chondrocytes. 8, 9 In addition, C/EBPβ represses type II collagen expression and enhances type X collagen synthesis. 10, 11 Moreover, C/EBPβ was reported to have a role in the senescence or hypertrophy of chondrocytes. 11, 12 In this context, C/EBPβ actively participates in the pathogenesis of OA.
Previously, we reported that suppressors of cytokine signaling 1 (SOCS1) is induced by IL-1β in chondrocytes and exerts chondroprotective effects via the suppression of IL-1β-induced secretion of matrix-degrading enzymes from chondrocytes, namely MMP-1, MMP-3, MMP-13, and disintegrin and metalloproteinase with thrombospondin type 1 motif-4 (ADAMTS4). 13 Recently, Cui et al. 14 reported that C/EBPβ was involved in increased SOCS1 expression induced by a growth hormone in the murine preadipocyte cell line. However, the effect of SOCS1 on C/EBPβ has not been studied in chondrocytes. Thus, we investigated the interaction between SOCS1 and C/EBPβ in the human chondrocyte-like cell line, SW1353, and primary human articular chondrocytes (HACs), using overexpression and knockdown systems to better understand the chondroprotective mechanisms of SOCS1.
MATERIALS AND METHODS

Plasmids and reagents
pBABE-C/EBPβ and the pShuttle2-SOCS1 viral vector were obtained from Addgene (Cambridge, MA, USA), and the pBABE-SOCS1 viral vector was generated as previously reported. 13 SOCS1 shRNA and copGFP control lentivirus particles were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-C/EBPβ and anti-β-actin were also obtained from Santa Cruz Biotechnology. Anti-phospho-CREB (Ser133), anti-CREB and anti-ubiquitin antibodies were from Cell Signaling Technology (Beverly, MA, USA). Anti-SOCS1 was purchased from Chemicon International (Temecula, CA, USA). The p38 kinase inhibitor SB202190 was purchased from Alexis Biochemicals (Farmingdale, MI, USA) and MG132 was purchased from Sigma-Aldrich (St Louis, MO, USA). Recombinant human IL-1β and IFN-γ were purchased from PeproTech (Rocky Hill, NJ, USA). Specific TaqMan probe and primers for SOCS1 (assay ID Hs00705164_S1), MMP-1 (Hs00233958_m1), MMP-3 (Hs00968308_m1), MMP-13 (Hs00233992_m1) and large ribosomal protein (RPLPO, Hs99999902_m1) were purchased from Applied Biosystems (Foster City, CA, USA). Pronase and clostridial collagenase were from Sigma-Aldrich and Worthington (Freehold, NJ, USA), respectively. The SW1353 chondrosarcoma cell line (ATCC No. HTB-94) was obtained from American Type Culture Collection (Manassas, VA, USA). The Platinum-A retroviral packing cell line was procured from Cell BioLabs (San Diego, CA, USA).
Isolation of primary human articular chondrocytes
Femoral and tibial cartilage was harvested from five patients with primary knee OA who underwent total knee replacement arthroplasty. HACs were isolated by sequential enzymatic digestion using 0.2% pronase and 0.3% clostridial collagenase. Isolated HACs were plated in 100-mm-diameter dishes and cultured to 70% confluence in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum (FBS), 100 IU ml − 1 penicillin and 100 μg ml − 1 streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 . This study has been approved by the Institutional Review Board of Seoul National University Bundang Hospital (IRB No. B-0607/035-018), and written informed consent was obtained from the study participants.
Overexpression and knockdown of human SOCS1 and C/EBPβ
To produce the retrovirus, the pBABE-C/EBPβ viral vector was transfected into a platinum-A retroviral packing cell line, and supernatants were collected 72 h after transfection. To infect SW1353 cells, the viral supernatant was mixed with fresh medium with 8 μg ml − 1 polybrene at a 1:1 ratio, and the mixture was applied to SW1353 cells. C/EBPβ-overexpressing cell lines were selected with puromycin (2 μg ml − 1 ). Human SOCS1-overexpressing or knockdown cell lines were prepared as previously reported. 13 SOCS1 overexpression or knockdown was quantitated by western blot analysis or real time RT-PCR, respectively (Supplementary Figure 1) . To establish SOCS1-overexpressing HACs, pShuttle2-SOCS1 or empty vector was electrotransfected using a Gene Pulser Xcell System (Bio-Rad, Hercules, CA, USA) under 50 V and 2 ms pulse (4-mm cuvette). Synthetic siRNA duplex oligonucleotides against C/EBPβ were electrotransfected under 200 V and 20 ms pulse (4-mm cuvette); the target sequences were 5′-GGCCCUGAGUAAUCGCUUAtt-3′ (sense) and 5′-UAAGCGAUUACUCAG-GGCCcg-3′ (antisense). 9 Reverse transcriptase-polymerase chain reaction for MMP-1, -3, -13 and C/EBPβ
Quantitative real-time RT-PCR was performed using an ABI-7500 real-time PCR machine (Applied Biosystems) and the TaqMan probes for MMP-1, -3 and -13. Quantitative C/EBPβ mRNA expression was determined using the SYBR green Master Mix (Applied Biosystems). Specific primers for C/EBPβ and GAPDH were designed as follows: human C/EBPβ 5′-CGAGCGGCAGCAGCG-3′ (sense) and 5′-CTCG CGCCGGATCTTGTA-3′ (antisense, GeneBank accession number NM_005194); human GAPDH 5′-TCCCTGAGCTGAACGGGAAG -3′ (sense) and 5′-GGAGGAGTGGGTGTCGCTGT-3′ (antisense, GeneBank accession number NM_002046). 15 The number-fold difference in the expression of target mRNA was calculated with a comparative Ct method (2 − ΔΔCt ), and normalized to RPLPO or GAPDH.
Western blotting and immunoprecipitation
To prepare the total cell lysates, SW1353 cells were washed twice with ice-cold phosphate-buffered saline (PBS), harvested and lysed in immunoprecipitation (IP) buffer for 1 h on ice as previously described. 13 The whole-cell extracts (500 μg) and anti-C/EBPβ antibody (2 μg) were incubated on a rotator overnight at 4°C and then protein G-agarose beads were further incubated for 3 h at 4°C. The mixtures were centrifuged at 2095 g for 3 min. After washing the precipitates three times in pre-cold IP buffer, the beads were resuspended in 2 × SDS sample buffer. The immunoprecipitates or whole-cell lysates were resolved on 10% denaturing polyacrylamide gels. After transfer to polyvinylidene difluoride membranes, the membranes were probed with appropriate primary antibodies and IgG horseradish peroxidase-conjugated secondary antibodies. The signals were visualized using an enhanced chemiluminescence system (Amersham Biosciences, Little Chalfont, UK).
Chromatin immunoprecipitation
SW1353 cells were stimulated with IL-1β (10 ng ml − 1 ) in FBS-free media for 24 h. The cells were fixed in 0.8% formaldehyde, and glycine (125 mM) was added to stop the cross-linking reaction. Cells were lysed with chromatin immunoprecipitation (ChIP) lysis buffer (50 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 1 mM PMSF and protease inhibitor cocktail) for 30 min on ice and sonicated using a Sonifier (Branson Sonifier, Branson Ultrasonic Corporation, Danbury, CT, USA; 40% amplification, 20 s, three times). After the supernatant was collected, chromatin fragments were cleared with preimmune serum and protein G beads. IP was carried out for 16 h with anti-C/EBPβ antibody. Normal rabbit IgG was used as the control sample. After IP, protein G beads were added and incubated for 2 h. Protein G beads were sequentially washed with low-salt buffer, high-salt buffer, LiCl buffer and ammonium sulfate buffer (20 mM Tris-Cl pH 8.0, 1 mM EDTA, 0.5% TritonX-100, 150 mM NaCl or 500 mM NaCl or 250 mM LiCl or 150 mM (NH 4 ) 2 SO 4 ) three times and then extracted with elution buffer (1% SDS, 0.1 M NaHCO 3 ). Eluates were heated at 65°C for 5 h to reverse the formaldehyde cross-linking reaction. DNA fragments were purified by phenol extraction and ethanol precipitation. Purified DNA fragments were amplified with specific primers. Primers used for the ChIP assay were previously published by Hayashida et al. 8 ; 5′-GGACTATTTTC CTGATGGTTGGAC-3′ and 5′-GGAACGGAACAACTGTAATGGC -3′ to amplify between − 1081 bp and − 650 bp on MMP13 promoter including C/EBPβ consensus-binding motifs; 5′-GCGCTGATTA TGTTCTTAAATGG-3′ and 5′-TGGAAATGAAATGAAGGCTAAA A-3′ to amplify between − 2112 bp and − 1913 bp for the negative control.
Statistical analysis
All experiments were performed at least three times and data are expressed as mean ± s.e.m. The quantitative real-time PCR was performed in triplicate using three independent biological samples for SW1353 cells and were performed in duplicate using five independent samples for HACs. The Mann-Whitney test was used to compare continuous variables. Semiquantitative densitometry analysis was performed using ImageJ software (National Institutes of Health, USA). Statistical analyses were performed using the PASW statistics version 18 software (SPSS Inc., Chicago, IL, USA) and Po0.05 was considered statistically significant. Effects of SOCS1 on IL-1β-induced expression of MMPs transcripts Our previous study showed that SOCS1 suppressed the secretion of MMPs and ADAMTS-4 in SW1353 cells and primary HACs. 13 We therefore examined IL-1β-induced expression of MMP mRNA over time in SOCS1-overexpressing or knockdown SW1353 cells. Although MMP-3 and MMP-13 transcripts remained unchanged at 8 h, SOCS1-knockdown SW1353 cells demonstrated significantly increased MMP-3 and MMP-13 mRNA levels at 24 h (Figure 2a, Po0.05) . Moreover, IL-1β-induced expression of MMP-3 and MMP-13 mRNA was suppressed after 24 h in SOCS1-overexpressing cell lines (Figure 2b, Po0.05 ).
RESULTS
IL-1β induces
IL-1β-induced C/EBPβ was downregulated by SOCS1 in chondrocytes SOCS1 and C/EBPβ have an inverse impact on MMP expression. Therefore, we next evaluated C/EBPβ expression in SOCS1-knockdown or -overexpression systems. After IL-1β stimulation for 8 h, C/EBPβ mRNA expression was significantly increased in SOCS1-knockdown SW1353 cells and significantly decreased in SOCS1-overexpressing SW1353 cells (Figure 3a , Po0.05). Moreover, the levels of C/EBPβ protein induced by IL-1β were altered upon overexpression or knockdown of SOCS1 (Figure 3b ). In primary HACs, which were transiently electrotransfected with the pShuttle2-SOCS1 vector, the levels of C/EBPβ mRNA and protein were downregulated after IL-1β stimulation (Figure 3c , Po0.05). However, when SOCS1 expression was analyzed, C/EBPβ overexpression or knockdown did not affect the expression of SOCS1 induced by IL-1β (Figure 3d ). These data suggest that SOCS1 can suppress the catabolic response of C/EBPβ in chondrocytes.
Post-translational ubiquitination of C/EBPβ by SOCS1 SOCS proteins are also known to promote ubiquitination and proteasomal degradation of target substrates. 16 In addition, C/EBPβ is ubiquitinated and degraded by the 26S proteasome. 17 Therefore, we examined whether SOCS1 affects C/EBPβ ubiquitination in chondrocytes. Immunoprecipitation coupled with immunoblot analysis showed that the SOCS1 was involved in the ubiquitination of C/EBPβ (Figure 4a ). The amount of ubiquitinated C/EBPβ (relative to that of total C/EBPβ) was decreased or increased by SOCS1 knockdown or overexpression, respectively. After the treatment of a proteasome inhibitor MG132, endogenous C/EBPβ proteins could be detected when cells were not stimulated by IL-1β, irrespective of SOCS1 overexpression status (Figure 4b) . However, IL-1β-induced C/EBPβ levels were lower in SOCS1-overexpressing cells than in empty vector-transfected cells, regardless of MG132 treatment (Figure 4c ). These results suggested that SOCS1 could affect C/EBPβ expression by a transcriptional regulation mechanism as well as post-translational ubiquitination.
Mechanisms of transcriptional regulation of C/EBPβ by SOCS1 Accordingly, we next investigated whether SOCS1 could modulate the levels of phospho-CREB, a potent transcription factor that promotes C/EBPβ expression. 18 In SOCS1-knockdown cells stimulated with IL-1β, phospho-CREB levels were significantly elevated within 15-60 min, compared with those transfected with scramble shRNA (Figure 5a ). However, SOCS1 overexpression repressed the levels of phospho-CREB (Figure 5b ). IL-1β-induced CREB phosphorylation at Ser133 is known to be mediated by the mitogen-activated protein kinases pathway. 19, 20 Since we previously published that SOCS1 blocks IL-1β-induced activation of p38 mitogen-activated protein kinases, the effect of the p38 inhibitor SB202190 on CREB phosphorylation was examined in SW1353 cells. When SB202190 was added 1 h before IL-1β stimulation (10 ng ml − 1 ), the amount of phospho-CREB protein decreased in a dose-dependent manner (Figure 6a ). In addition, in 
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SOCS1-overexpressing cells, the decrement in phospho-CREB level was recovered by a p38 kinase activator, anisomycin. (Figure 6a ). Hypoxia-inducible factor-2α (HIF-2α) was recently discovered to be a novel inducer of C/EBPβ in chondrocytes; 21 therefore, we also examined the effect of SOCS1 on HIF-2α. IL-1β did not induce HIF-2α expression and SOCS1 did not change the levels of HIF-2α in SW1353 cells under both normoxic and hypoxic conditions (Figure 6b ).
Effects of SOCS1 overexpression on binding of C/EBPβ to the MMP-13 promoter region
We performed ChIP assays to confirm that SOCS1 inhibits C/EBPβ-mediated MMP-13 transcription. IL-1β treatment for 24 h enhanced the binding of C/EBPβ to the MMP-13 promoter (Figure 7a , left panel), whereas SOCS1 overexpression reduced this binding effect (Figure 7a, right panel) .
The semi-quantitative analysis of ChIP data showed that binding was significantly reduced in SOCS1-overexpressing SW1353 cells (Figure 7b, Po0.05 ). These results demonstrate that SOCS1 can downregulate C/EBPβ transcription and consequently decrease its binding to the MMP-13 promoter and subsequent MMP-13 mRNA expression.
DISCUSSION
The present study showed that SOCS1 inhibits the p38-pCREB-C/EBPβ signaling pathway leading to suppression of IL-1β-induced MMP production in chondrocytes. This provides the first evidence of SOCS1-mediated translational regulation of C/EBPβ, an important chondrodestructive mediator.
Cartilage degradation with secondary synovitis is considered as a main pathological characteristic in OA joints. 22 In the catabolic response and inflammatory process of chondrocytes, IL-1β is the central mediator of cartilage loss and functions via suppression of extracellular matrix synthesis and induction of cartilage-degrading enzymes such as MMPs. 23 IL-1β is highly expressed in the synovial fluid, synovial membrane, cartilage and the subchondral bone layer in OA patients. [22] [23] [24] The NF-κB, AP-1 and MAP kinase pathways have been implicated as major players in IL-1β-mediated induction of MMPs. 25, 26 Recently, there has been increasing evidence to suggest that the C/EBPβ protein could be involved in inflammatory and catabolic responses in chondrocytes. Hayashida et al. 8 reported that C/EBPβ stimulates the expression of MMP-13 by its direct binding to the MMP-13 promoter region in chondrocytes. Tsushima et al. 9 revealed that C/EBPβ expression was induced by IL-1β treatment, and enhanced MMP-3, MMP-13 and ADAMTS-5 expression in arthritic synovium and cartilage.
SOCS proteins are a family of negative feedback inhibitors of cytokine networks. They are induced by gp130 cytokines through the JAK/STAT signaling pathway or JAK/STATindependent stimuli such as LPS, CpG and insulin. 16 The mechanisms of SOCS proteins include suppression of JAK activity by binding to either the signaling receptor or to the JAK activation loop, substrate competition or ubiquitinationmediated degradation of target substrates. 27 Furthermore, SOCS proteins can modulate other signaling pathways such as PI3K-AKT, p38 and NF-κB. [28] [29] [30] We previously reported that SOCS1 expression is increased in the damaged cartilage of OA patients, and can be induced by IL-1β in chondrocytes. 13 In addition, we showed that SOCS1 exerts chondroprotective effects by decreasing IL-1β-induced secretion of MMPs and ADAMTS4 from chondrocytes by blocking p38, JNK, transforming growth factor-β-activated kinase 1 (TAK1) and NF-κB.
On the basis of these findings, we hypothesized that C/EBPβ could be regulated by SOCS1 in chondrocytes. SOCS1 overexpression caused a significant reduction in C/EBPβ expression, whereas SOCS1 knockdown had the opposite effect in C/EBPβ expression in SW1353 and HACs. In contrast, SOCS1 expression did not change according to the C/EBPβ levels. These findings suggest that C/EBPβ could be a target of SOCS1. We investigated the mechanism of the SOCS1-mediated C/EBPβ inhibition. Because SOCS1 promotes proteasomal degradation of target proteins via interaction with SOCS-box and the Elongin B/C complex, 27 we first assessed C/EBPβ ubiquitination in SOCS1 overexpressing or knockdown cells by IP assay. As shown in Figure 4 , SOCS1 overexpression augmented the post-translational ubiquitination of C/EBPβ. However, since IL-1β-induced C/EBPβ levels were lower in SOCS1-overexpressing cells than in empty vectortransfected cell (Figure 4c ) regardless of MG132 treatment, a transcriptional regulation was thought to be involved in SOCS1-mediated C/EBPβ downregulation. The transcription of C/EBPβ is regulated by a variety of transcriptional factors including C/EBPβ itself and CREB. 6 CREB has been reported to be involved in the synthesis of MMP-13 in chondrocytes, 31 therefore, we examined the levels of phospho-CREB in IL-1β stimulated SW1353 cells with overexpressed or knockdown SOCS1. We observed that CREB phosphorylation was increased with knockdown of SOCS1 and decreased in SOCS1-overexpressing SW1353 cells ( Figure 5 ). IL-1β-induced CREB activation by phosphorylation on Ser133 is mainly dependent on p38 kinases, 19, 20 and our previous study showed an inhibitory action of SOCS1 on p38 in chondrocytes. 13 In the present study, the inhibition of p38 kinase decreased IL-1β-induced CREB phosphorylation and the activation of p38 kinase decreased SOCS1-mediated suppression of CREB phosphorylation ( Figure 6 ). Moreover, we confirmed SOCS1-mediated transcriptional regulation of MMP-13 via the p38-CREB-C/EBPβ pathway using ChIP assay.
Conclusively, these results demonstrate for the first time that SOCS1 modulates the p38-CREB-C/EBPβ signaling pathway. Despite a high prevalence and substantial socioeconomic burden of OA, few pharmacological agents with an effect to halt or delay disease progression have been introduced in the treatment for OA. 1 Considering these findings, SOCS1 may serve as a potential therapeutic target for the treatment of OA.
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